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Introduction
Cancer is a major public health problem worldwide. At present, surgery remains the primary form of therapy for solid tumors. The pathological assessment of the resected specimen reflects the anatomical extent of the tumor. The tumor-nodemetastasis (TNM) stage classification is widely used to estimate the postoperative outcome and evaluate the rationale for adjuvant therapy. Despite the gross prognostic value of the TNM staging system, 1 predicting individual patient outcome based on tumor parameters remains imprecise. 2 Complementarily, the majority of human solid tumors are infiltrated by lymphocytes and it has been long suspected that the immune responses can be utilized as a benchmark to predict tumor progression or the efficacy of therapy. 3 However, the complexities of tumor-elicited immune responses had rendered in situ immune monitoring impractical and inconclusive, until the development of systems biology and methods for high throughput objective measurement. 4 The success in colorectal carcinoma 4 and the urgent clinical need triggered a new wave of studies on immune biomarker discovery. Nevertheless, the reliability and predictivity of most of these new biomarkers for tumor prognosis remain to be determined. 5 The infiltration of T lymphocytes in human tumors is a universal clinical observation and is considered as a major benchmark for immune surveillance. 6 Correspondingly, "avoiding immune destruction" is an emerging hallmark of cancer progression, which is achieved by the immunosuppressive tumor microenvironment and selection pressures for tumor-associated antigens (TAAs). 7 A major enabling characteristic of tumors is genetic mutations 7 that allow tumor cells to escape from T-cell antigen recognition -termed immunoediting. 8 However, this enabling characteristic also leads to the generation of tumor-specific antigens (TSAs) and the accumulation of an aberrant spectrum of TSAs or TAAs. 9 During an antitumor response, na€ ıve Tcells are primed by presented TSA/TAAs and differentiate in peripheral lymphoid organs. Mostly by route of the circulation, differentiated effector T-cells enter the tumor to execute their antitumor functions. A small portion of these effector T-cells will survive to form long-lived memory T-cells (T M s). It has been hypothesized that TAA-specific T M cells play a central role in post-surgical immunosurveillance against tumor recurrence.
Studies on infectious immunity have provided convincing evidence that, a specific tissue "niche" is necessary for the maintenance and function of T M s , especially CD8 C cytotoxic T M cells. 11 Detached from the niche, circulating effector T M s numbers decline over time 12 ; after entering the circulation, it becomes difficult for T M s to return to their original effector sites, e.g. the epithelial compartment 13 ; and, when tissue resident T M s were forced into circulation by transplantation, their capacity to control localized peripheral infection becomes significantly dampened. 13, 14 Transcriptome analysis also indicated that tissueresident memory T-cells (T RM s) represent a uniquely programmed T M population. 15 Taken together, T RM cells colonize non-lymphoid tissue niches and form the first line of defense against local pathogen reoccurrence. 16 However, the surveillance capacity of T RM cells against tumor relapse remains elusive.
During their brief encounters with antigen presenting cells (APC), T-cells scan through the presented peptide matrix and react with remarkable sensitivity and specificity. 17 The specificity of T-cell responses to antigens are largely dictated by the affinity of TCR:peptide-MHC (pMHC) complexes. 18 In response to the immense amount of foreign antigens, it is critical to develop and maintain a highly diversified TCR repertoire. 19 Ultimately, the diversity of TCR repertoire is generated by somatic recombination of the TCRA and TCRB loci during early development in the thymus. 20 During the rearrangement process, arrays of variable (V), diversity (D: only for the Beta chain of T-cell receptor) and joining (J) gene segments are reorganized and assembled by random and non-templated ligation to generate an antigen receptor. 21 Besides the combinatorial diversity encoded in the genome, the junctional diversity generated by nonhomologous end joining of V to DJ/J segments 22 is the major contributor in shaping the spectrum of TCR antigen recognition. 18 The DNA sequence of this joint region between segments encodes a protein domain called the complementarity determining region 3 (CDR3), which is the hot spot for peptide contact 23 and the determinant for the specificity and affinity of antigen recognition. 18 Therefore, the central benchmarks of T-cell-mediated antitumor response -the local expansion of TAA-specific TCR clones, and the consequent landscape shift in the intratumoral TCR repertoire -are reflected by CDR3 clonal enrichment and diversity.
Traditional analyses methods -flow cytometry facilitated by specific V-b antibodies, or, PCR-based CDR3 spectratypingonly reveal a limited scope of the intratumoral T-cell repertoire. 24 More recently, large-scale TCR repertoire analysis by deep sequencing methods has provided a systematic and comprehensive snapshot of various adaptive immune responses. 25 These studies demonstrated the great potential of this technology in immune monitoring, which could facilitate the advancement of personalized medicine and propose immunotherapeutic strategies for clinical intervention. In this study, we assembled a cohort of patients to investigate the association between compartmented T-cell repertoires and clinical outcomes in gastric cancer. We developed a TCRB sequencing strategy to balance the demands of high-throughput and cost, which makes large-scale deep sequencing of clinical samples feasible. By mining our TCR repertoire data, we attempted to depict: (i) the expansion and diversity of tumor infiltrating T-cell repertoire; (ii) the origin and destination of expanded T-cell clonotypes in tumor tissue; and, (iii) correlations between clinical outcome and T-cell repertoire diversity.
Result
Deep sequencing of cryopreserved tissue samples enables detailed repertoire characterization
To characterize the landscape associated with T-cell-mediated antitumor immunity, we developed a high-throughput platform to analyze TCR repertoire. From various quantities of tissue samples, in the absence of additional cell separation procedures, mRNAs coded for TCRB chains were captured and barcoded by multiplex PCR, and then subjected to Ion Torrent PGM-based deep sequencing. Our sequencing strategy was designed to survey the TCR repertoire within a small quantity of clinical tissue, while balancing high-throughput with cost efficiency. To assess the coverage and reproducibility of this sequencing strategy, we collected 10 milliliters of blood twice from the same healthy donor 2 mo apart. In addition, we varied the coverage of sequencing chip for these two samples: we allocated 1/16 of a chip to cover the library generated from time point 1, and, 1/32 of the same type of chip for the library from the same healthy donor at time point 2 (Fig. S1A) . About 137,000 and 34,000 valid TCR reads were generated for time points 1 and 2, respectively (Fig. S1C) . Based on unique nucleotide (NT) sequences of TCRB transcripts, only 20% of T-cell clones were shared between these two sequenced PBMC samples. However, focusing only on highly expanded clones (HECs, defined as clones occupying more than 0.5% of total reads 26 ), we found that every clone identified in the first sampling can be identified in blood collected 2 mo later and vice versa (Fig. S1D) . Accordingly, a comparison of the entire pool of unique amino acid (AA) sequences at the CDR3 regionthe most critical region for antigen recognition 18 -demonstrated that these two samples are strongly correlated (R D 0.92 after the Pearson assay) at the global level (Fig. S1F) . This indicated that our sequencing strategy has sufficient depth to cover high frequency clones, and, in the absence of immune challenge, HECs are largely stable.
To determine the minimum quantity of tissue needed to cover the HECs, we collected 10 milliliters, 2 milliliters, and 250 microliters of blood from the same healthy donor in one sitting and sequenced these three samples independently (Fig. S1B) . Differences in sampling space generated very significant variations between each sample: only 15% unique TCRB NT sequences can be reliably detected in all three samples, with only 20% of unique CDR3 AA clones in common (Fig. S1G) . However, despite the different sampling volumes, HECs were again repeatedly captured in all three samples and the sequencing results for CDR3 regions were strongly correlated (R D 0.9, Fig. S1H and I). Taken together, these quality control experiments indicated that although the sampling size and sequencing depth are too limited to capture every individual T-cell, our sequencing We further validated the sequencing reproducibility with cryopreserved tissue samples (Fig. 1A) by repeatedly sequencing a cDNA library obtained from 200 mg tumor tissue. Again, the sequencing depth sufficiently captures almost all (96%) HECs. In contrast to the healthy PBMC sample that was largely heterogeneous, 79% of the sequencing reads from tumor tissue are identical in NT sequence (Fig. 1B and C , left, experimental group vs. sequencing replicate). Recent deep sequencing data established the genetic and functional heterogeneity within a tumor, 27, 28 which suggest a heterogeneous expression of TAAs at different tumor sites. In addition, Gerlinger and colleagues revealed differences in the T-cell repertoires among different regions of a single renal cell carcinoma lesion, demonstrating intratumoral heterogeneity of the Tcell response. 29 To validate the representative value of the repertoire data collected from a single site of a tumor, we randomly picked a tumor sample and collected two pieces of 200 mg tissue samples from the opposite end of the tumor (Fig. 1A) . For all sequenced TCR clonotypes, 64% of TCRB NT sequence and 79% CDR3 AA sequences were in common between sampling replicates ( Fig. 1B and C , upper right panel). Focusing on HECs, 82% NT reads were shared and 96% CDR3 sequences were identical between sampling replicates (Fig. 1B and C, lower right panel). When these clonotype profiles were globally analyzed for all sequenced clones, the Pearson's correlation coefficient (R) was 0.94 and 0.78 for the sequencing replicate test and sampling replicate test, respectively (Fig. 1D) . This suggested that repertoire profiles for HECs from a single sampling site remain highly reproducible and representative of the whole tumor sample.
Inter-individual sample variation diminishes potential CDR3 over-representation among TILs at the group level
We established a clinical cohort in 2009 to study tumor infiltrating T-cells from patients with diagnosed gastric cancer (described in Table S1 ). From each patient, we collected peripheral blood samples right before surgical resection, as well as tumor tissues (collected from invasive margins) and normal mucosal tissues (>5 cm distance from the edge of tumor, Fig. S2 ). Within this cohort, 28 patients were followed up prospectively for more than 48 mo and we subject paired samples -600 uL blood, »200 mg of tumor tissue, and »200 mg of mucosal tissue -to repertoire analysis (summarized in Table S2 ).
Previous studies of TIL clones with low-resolution sequencing or in small cohort studies suggested that the usage of certain TCRB V regions would gain dominance within the tumor tissue, which indicated TAA-specific T-cell responses. 30 We first www.tandfonline.com e1001230-3 OncoImmunology evaluated whether there was a general bias of certain V or CDR3 usage by TILs. We assessed the CDR3 length distribution of the TCR repertoire collected from different tissues. When all clonotypes were combined, regardless of whether total ( Fig. 2A) or only unique (Fig. 2B ) CDR3 AA sequences were taken into account, there were no significant differences in CDR3 length distribution in tumor tissue, normal mucosa, or peripheral blood of gastric cancer patients. In addition, we recruited 28 agematched healthy subjects and sequenced their TCR repertoires to establish the baseline distribution. Comparing the CDR3 length distribution of PBMC samples between tumor patients and healthy donors, we found no significant differences in either the total (Fig. 2C) or unique ( Fig. 2D) CDR3 AA clonotypes. Consistent with this, a detailed analysis of V and J usage of each 
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Volume 4 Issue 4 OncoImmunology sample group again identified no specific usage bias between healthy donor PBMC, and tumor patient PBMC, TIL, and mucosal T-cells (Fig. 2E) .
To understand why the biased segment usage was not detected among different sample groups, we generated a heatmap to characterize the V-and J-b segment usage frequencies of each individual sample (Fig. 2F) . This analysis demonstrated a high interindividual variation within each of these four groups: even when T-cells were collected from the same tissue origin of healthy subject, V and J usages were distinct between individual subjects. Therefore, this intra-group variation diminished any potential significant differences between tissue compartments ( Fig. S3C-F) . Similarly, when an unsupervised clustering algorithm was applied to organize these samples based on their V or J usage, no clusters were distinguishable by tissue origin (Fig. S3G) . Therefore, on an average, no V or J biases could be detected among TILs, in comparison to T-cells from mucosa or PBMC. Taken together, these analyses indicated that in a large cohort analysis, unbiased V/J usages by T-cells within tumor tissue does not necessarily reflect equal contribution of each V/J segment in tumor antigen recognition in each individual patient. More likely, different subjects may utilize different CDR3 to respond to their tumor antigens. Therefore, in a larger cohort analysis, it is difficult to predict the magnitude of an individual's immune response by searching for a specific V/J segment bias.
TIL repertoires are characterized by a remarkably reduced diversity
We reasoned that the individual TILs repertoire from gastric cancer patients consists of clonotypes that have been preferentially primed and expanded by TAAs. 8 This clonal expansion would change the clonotype diversity (species and abundance), and we hypothesize that this change of diversity index would distinguish repertoires of the TIL group from others. To test this hypothesis, we plotted the cumulative distribution curve for each tissue type from patients to evaluate any potential skewing of the repertoire composition. Indeed, the most dominant 10% of TIL CDR3b clonotypes occupied 73.7% of the total TCR repertoire within patient tumors; in contrast, the most dominant 10% of mucosal and peripheral blood CDR3b clonotypes contributed to only 57.3% and 69.4% of the total TCR repertoires, respectively ( Fig. 3A and Fig. S4) . Specifically, the size distribution of TIL clonotypes was highly skewed: the proportion of HECs at tumor sites is 32.0%; it includes several highly dominant clonotypes whose individual frequency exceeds 10% of the entire TCR pool. By contrast, only 12.4% of mucosal and 14.5% of peripheral blood T-cell repertoires were composed of HECs; and, individual clonotypes with frequencies above 10% were not detected in mucosal compartment (Fig. 3B) . Across all 28 patients, at the group level, the proportion of HECs is significantly different (with two-tailed Wilcoxon matched pair test) within different tissue compartments: based on their TCRB NT sequences, HECs are 19.3% § 12.5% in tumors; 5.1 § 5.6% in mucosa, and 7.4 § 6.5% in peripheral blood (Fig. 3C) ; based on their CDR3 AA sequences, HECs are 34.0% § 19.0% in tumors; 10.8% § 9.1% in mucosa, and 14.0% § 12.0% in peripheral blood (Fig. 3D) .
Given our findings that HECs accumulate in the tumor microenvironment, we speculated that TILs would show a relatively narrow and restricted repertoire. To quantitatively evaluate the expansion and diversity of the T-cell repertoire among samples, we measured the relative degree of diversity by calculating the normalized Shannon diversity entropy (NSDE) for TCR repertoires from each tissue origin. NSDE is based on the weighted geometric mean of the proportional abundances of the clonotypes, while factoring in the influence of repertoire size. This measure reflects the comprehensive oligoclonal vs. polyclonal nature of each T-cell repertoire ( Fig. 3E and F) . Based on this measure, the TIL repertoire tended to show markedly lower NSDE compared to adjacent mucosal tissue and peripheral blood in terms of both TCRB NT and CDR3 AA sequences (median entropy of entire TCRB NT sequence pool: tumor, 0.84; mucosa, 0.92; peripheral blood, 0.90, and mean entropy of CDR3 AA sequences: tumor, 0.77; mucosa, 0.88; peripheral blood, 0.86; two-tailed Wilcoxon matched pair test). These observations are consistent with results of a previous study by Sherwood and colleagues, which showed that colorectal cancer patients had substantially lower diversity within the TIL repertoire in both gastrointestinal tract tumors and tumors of epithelial origin. 31 We postulate that the more restricted T-cell repertoire observed in tumor samples may be indicative of a specific and oligoclonal T-cell response to TAAs that are present in and restricted to the tumor microenvironment during tumorigenesis.
TAA-driven tumorous accumulation of high-frequency and coding-degenerate clonotypes
Besides the speculated TAA-driven expansion, the diminished TIL repertoire diversity described above may also arise from a limitation of T-cell sampling (with 200 mg tumor tissues), or from antigen-nonspecific expansion 32 driven by the inflammatory tumor microenvironment. 33 To investigate whether the expansion of these HECs was antigen-dependent, we included another perimeter, the level of coding degeneracy, into our analysis. The coding degeneracy level measures how many unique TCRB NT sequences present in the sample encode a single CDR3 AA clonotype. Since antigen specificity of a TCR is determined by the AA sequence of the CDR3 region, antigen-induced T-cell proliferation should expand every NT clonotype that codes for the same antigen-specific CDR3. Therefore, we expect to observe a correlated increase between the clonotype size and the level of coding degeneracy of a TAA-specific CDR3. On the contrary, this correlation cannot be expected if the diminished repertoire diversity is a sampling artifact or the consequence of antigen-independent expansion.
Combining all sequencing data from the 28 patients, we plotted the level of coding degeneracy against the frequency of that CDR3 AA clonotype among the T-cell repertoire in each respective tissue compartment. As shown in Fig. 4A , TCR repertoires were divided into four quadrants corresponding to high frequency-coding degenerate (Q1; with a cutoff as > 0.5% of the whole repertoire and employing more than two coding www.tandfonline.com e1001230-5 OncoImmunology strategies), rare frequency-coding degenerate (Q2), rare frequency-coding non-degenerate, and high frequency-coding nondegenerate (Q4) clonotypes. Analysis of all three tissue compartments revealed a general correlative trend within the high frequency-coding degenerate quadrant: higher frequency clones were associated with higher levels of coding degeneracy, which indicates that antigen-driven T-cell expansion occurred in all compartments. Comparing repertoires from different tissue origins, 31.94% of clonotypes found in the TIL pool fell into this quadrant, reaching a maximum abundance to occupy 21.96% of repertoire space and a degeneracy level of 168. In the other two tissue compartments, T-cell clonotypes in this quadrant were markedly reduced to around 13.18%, with a maximum abundance of 9.95% and degeneracy level of 82 in mucosa and a maximum abundance of 14.05% and degeneracy level of 76 in peripheral blood (Fig. 4A) .
We further performed the same analysis for each of the 28 patients' individual repertoires (Fig. 4B and Fig. S5 ). Using the two-tailed Wilcoxon matched pair test, clonotypes in two reciprocal quadrants, Q1 and Q3, showed significant differences in different compartments. Compared to T-cells from mucosal tissue and PBMC, highly expanded and coding degenerate clonotypes (Q1) are enriched in TILs by 3.12-and 2.41-folds, respectively; Reciprocally, in the TIL group, the frequency of rarely expanded clonotypes with unique coding sequences (Q3) was half of that found in mucosa or PBMC (Fig. 4B) . Strikingly, we found that for most patients (23/28), the Q1 population constituted a higher proportion in the TIL repertoire than in the paired mucosa and blood counterparts (Fig. 4B) . Even after pooling and averaging all 28 patient samples, the Q1 clonotypes from the tumor compartment still contained a significantly higher occupancy of repertoire (Fig. 4C , median frequency for TILs, 0.98%; T-cells in mucosa, 0.73%; and Tcells in peripheral blood, 0.80%; two-tailed Mann-Whitney U test) and a higher level of coding degeneracy (Fig. 4D , median degeneracy level of 17 for TILS, 14 for mucosal T-cells, and 15 The correlation between the clonal size and the level of coding degeneracy can also be affected by the CDR3 AA composition, since different AA sequence have different levels of codon degeneracy. As a control, we also analyzed quadrant Q2 that contains rarely expanded and coding degenerate clonotypes. The general trend between higher frequency and higher codon degeneracy exists across all three tissue compartments (Fig. 4A) , which indicates that the intrinsic properties of CDR3 AA composition may play a role. However, clonal sizes in quadrant Q2 were not distinguishable among these three compartments (Fig. 4A, B) . In addition, a small proportion of clonotypes (0.06%) occurring at high frequency and with a unique NT coding sequence was observed in the tumor pool, which was not detected in the pooled non-tumor samples (0.00% for adjacent mucosa and 0.00% for peripheral blood). Taken together, these data showed that CDR3 clonotypes with degenerate CDR3 AA coding are the major www.tandfonline.com e1001230-7 OncoImmunology contributors that reshape the repertoire at tumor sites during tumorigenesis, and, the multiplicity of NT clonotype for each individual HEC CDR3 is the likely consequence of TAA-driven selection and expansion.
Coding degenerate tumor infiltrating HECs contract in the mucosal compartment
Following these observations, we focused on these codingdegenerate and highly expanded tumor infiltrating clonotypespotential TAA-specific T-cell clones. To trace their origin and destination, we intersected these TIL clones with paired TCR repertoires from mucosa or peripheral blood (Fig. 5A) . Combining data from all 28 patients, 376 clonotypes can be simultaneously detected in paired TIL and mucosal repertoires; 291 clonotypes are shared between paired TIL and circulating T-cells. To analyze whether these intersecting clonotypes were responsible for reshaping the repertoire, we inspected the frequencies of shared clonotypes in the tumor and mucosa (Fig. 5B )/peripheral blood (Fig. 5C) repertoires. In addition, we designated the area of each bubble to represent the degeneracy level of each clonotype. The majority of intersected CDR3 clonotypes (352/376 overlap between TIL and mucosal repertoires and 274/291 overlap between TIL and circulating TCR repertoires) exhibited a tendency to expand in tumor tissues (dots on the right of the gray diagonal line in the chart, Fig. 5B and C) . This strongly suggested that, in comparison to normal mucosal and peripheral blood compartments, these potential TAA-specific T-cell clones expanded at the tumor site ( Fig. 5D and E) .
We then compared the intersection of these coding-degenerate clonotypes between normal mucosal tissue and peripheral blood. 335/376 shared CDR3 clonotypes remained coding degenerate in the mucosa, which is significantly higher than that of circulating T-cells (231/291, p D 0.0007 by Fisher's-exact test). This indicated that these potential TAA-specific clones in the mucosa compartment contracted to a lesser extent. To quantify the relative contribution of these two repertoires to the final clonotypes present in tumors, we also calculated the Bhattacharyya similarity index to measure the overlap between the tumor repertoire and paired normal mucosa/peripheral blood repertoires for each individual. Despite falling short of statistical significance (p D 0.086, two-tailed Wilcoxon matched pair test, Fig. 5F ), the overall trend suggests that mucosal repertoires are more similar to TIL repertoires than circulating T-cells.
To assess compositions of mucosal T-cells, we digested mucosal tissue adjacent to gastric tumor from fresh surgery samples and performed FACS analysis. Our data showed that within the CD3 C T-cell population, the ratio between the CD8 C and CD8 -T-cell (majority of them are CD4 C T-cells) is very close to 1:1.
For those CD8
C mucosal T-cells, more than 2/3 are CD103 hi C-D45RO C CD69 hi CD62L - (Fig. 5G) , perfectly resembling characteristics of the resident T M s. 16 Taken together, we propose that coding-degenerate HECs in tumor tissues of gastric cancer patients are derived from circulating T-cells, and, a portion of these expanded clonotypes egressed from the tumor, underwent clonal contraction and became mucosal-resident T lymphocytes.
High diversity of mucosal-resident TCR repertoire is associated with increased survival of gastric cancer patients
Due to the complexity of immune responses against tumors, it was inconceivable to define a single parameter for immune monitoring. Based on studies from various cancer types, e.g., melanoma, 34 ovarian, 35 and colorectal cancers, 36 the established consensus is that tumor-infiltrating T lymphocytes, especially CTLs, [34] [35] [36] appear to prevent tumor development and are associated with improved clinical prognosis. 6 The antigen-driven activation and expansion of tumor specific T-cells will reshape the local repertoire and change the value of the NSDE: the larger expansion and longer persistence of particular T-cell clonotype(s) will narrow the relative broadness of the repertoire and consequently dampen the value of NSDE. Therefore, we hypothesized that a lower NSDE in TIL repertoire will predict at least a better short-term survival benefit in gastric cancer patients.
To test this hypothesis, we grouped the 28 patients based on their follow-up period and TIL repertoire diversities. Using the median value of NSDE as the cutoff, we divided these 28 patients into high and low groups. Surprisingly, we found that NSDE of TIL repertoire does not impact either short-term (with 18 mo follow-up) or overall (with 48 mo follow-up) survival rate (Fig. 6A) . The TIL repertoire NSDE was similar between patients who did and did not experience a cancer relapse (p D 0.085 , Fig. S6A) ; and, TIL repertoire diversity was very similar between the Stage I-II and Stage III-IV patient groups (Fig. S6B) , across all T classifications (Fig. S6C) , and N classifications (Fig. S6D) .
Using the same strategy, we grouped these patients based on diversity of their adjacent mucosal and peripheral blood repertoires. The NSDE of circulating T lymphocytes also do not predict patient survival (Fig. 6B) , TNM stage, T classification, or N classification (Fig. S7) . However, although the mucosal TCR repertoire was also not impacted by the stage of tumor development (Fig. S8) , the diversity index of mucosal repertoire can clearly predict both short-term and long-term survival of cancer patients: more restricted repertoires with low diversity indices were correlated with a poor clinical prognosis in patients (Fig. 6C) . Furthermore, in this moderate size cohort, we found that NSDE of mucosal TCR repertoire is the most significant marker to predict prognosis in COX univariate analysis; and, COX multivariate analysis indicated that NSDE of mucosal TCR repertoire predicts the survival of patients independently, not relying on any other clinical features recorded for this cohort ( Table 1 , Fig. S3, S4 , and S9).
Discussion
The interplays between mutated tumor cells and the immune system play a profound role throughout stages of tumorigenesis. 37 Specifically, an immune-stimulatory milieu, especially efficacious IFNg-secreting type I T-cell responses within tumors, is closely associated with favorable prognosis in patients. 6 Furthermore, recent clinical trials demonstrated that, for many patients, the blockade of co-inhibitory signaling in T-cells generates robust antitumor responses and significant clinical benefits. 38 These progresses indicated that parameters of antitumor immune responses could serve as biomarkers to predict cancer prognosis, or, to measure clinical response toward therapies. There is, therefore, an urgent need to develop such biomarkers to guide personalized care for cancer patients.
Facilitated by the analytical power of next-generation sequencing, we developed a molecular biology method and computational platform to profile the TCR repertoire within various human tissues. Our strategy is streamlined and cost-effective, as it requires minimal sample quantity, minimal sample processing, and, only a moderate sequencing depth. These features enable it to become a high throughput platform for multi-sample screenings, which makes it feasible to characterize the major repertoire features of multiple clinical samples with high reproducibility. Taking advantage of this platform, we sequenced 112 samples including PBMCs from healthy donors and various tissues from gastric cancer patients; and, we established that the repertoire diversity index within the tumor-adjacent mucosal tissue is a biomarker associated with gastric cancer prognosis. To our knowledge, this is the first identification of a single biomarker for immune repertoire monitoring that can independently predict patients' survival rate. The TCR repertoire diversity in adjacent normal mucosa may provide an additional dimension to the proposed Immunoscore 39 This immune monitoring index may provide clinical benefit in terms of disease prognosis, guidance for immunotherapy, and categorization of high-risk patients. Furthermore, enhancement of the density and diversity of mucosal-resident T-cells may be a potential immunotherapeutic strategy for improving the efficacy of tumor intervention.
Consistent with our hypothesis that TILs undergo a selective expansion upon TAA encounter, we observed a significantly restricted TCRB repertoire within tumor sites, which was characterized by a lower diversity index, accumulation of high-frequency clonotypes, and greater multiplicity of CDR3 codon degeneracy compared to repertoires in adjacent healthy mucosa and peripheral blood (Figs. 3, 4) . However, it was a rather surprising observation that the TIL repertoire does not correlate at all with the prognosis with gastric cancer patients. It has been shown in colorectal tumors that, despite immunoediting, the strength and quality of in situ T H 1 responses associate with patients' long-term clinical outcome. 4, 10 The assumption was that these in situ T-cell responses mirrored the strength and quality of systemic antitumor immune activation in patients. Since surgery remains the primary form of therapy for solid tumors and intratumoral immunity was assessed with surgically removed samples, it may be difficult to draw a relationship between the qualities of removed T-cells -which can no longer participate in tumor rejection -with the long-term outcome of cancer patients. We speculated that in our study, surgical removal was the reason why TIL repertoire diversity alone failed to correlate with prognosis. Alternatively, the intratumoral recruitment or differentiation of regulatory T-cells (T reg ) fosters tolerance by suppressing tumor-specific immunity. 40 Our current repertoire analysis with tissue-sampling strategy cannot distinguish this protumorigenesis population. Therefore, without exclusion of enriched T reg cells, the TIL repertoire diversity may never predict tumor outcomes. Interestingly, in this gastric cancer cohort, although their diversity index values are close to those from mucosal compartment, repertoire of patients' PBMCs right before surgery also failed to predict gastric cancer prognosis, suggesting that levels of systemic T-cell responses do not accurately reflect local T-cell responses in the tumor microenvironment. This was further supported by our sequencing data, which clearly revealed that the diversity of TIL repertoire was distinct from the repertoire of circulating T-cells, specifically for those expanded clones potentially driven by TAAs (coding-degenerate HECs, Figs. 3 and 4) . These led us to conclude that in gastric cancer patients, the TIL repertoire and the PBMC repertoire both do not represent the overall quality of antitumor responses and therefore do not predict the disease outcome.
It has been shown that the abundance of T M s markers in tumors is associated with a low incidence of colorectal tumor relapse. This directly led to the hypothesis that TAA-specific T M s play a central role in post-surgery surveillance against tumor recurrence.
4,10 Despite further study on larger cohort is needed to determine the precise magnitude of this favorable effect, our tissue-specific repertoire analyses indicated that the prognosis of gastric cancer is strongly associated with the diversity of T-cells residing within tumor-adjacent normal mucosa (Fig. 6) . In this compartment, we identified a portion of T-cells that share the same CDR3 clonotypes with coding-degenerated HECs in tumors, which are very likely expanded by TAAs (Fig. 5) . Furthermore, the size of these shared clonotypes in the mucosa are significantly contracted compared to TILs, but are less contracted than in the peripheral blood (Fig. 5F ). We hypothesized that these overlapping clonotypes identified in tumor-adjacent The gastrointestinal tract mucosa is a well-studied niche that harbors viral antigen-specific T RM s. 16 When forced into circulation, T RM s isolated from gut mucosa were severely impaired in survival and proliferation during antigen re-challenge, 41 indicating that the mucosal microenvironment provides critical instructions to reprogram effector T-cells locally. In addition, in various types of cancer, such as colon carcinoma, glioma, and ovarian carcinoma, tumorigenesis also induces the local accumulation of 
CD103
C CD8 C T RM cells. 42, 43 And, at least for high-grade serous ovarian cancer, increased patient survival positively associates with T RM accumulation in the intraepithelial compartment of the tumor. 44 We speculated that mucosal tissues adjacent to gastric tumors provide a perfect microenvironment for T RM cell differentiation and maintenance. Firstly, TGF-b signaling comprehensively regulates the formation of the gut-resident T RM population, 42, 45 and, TGF-b is highly enriched in the gastric tumor microenvironment and adjacent mucosal tissues 46 ; Secondly, both the inflammatory environment 14 and locally presented antigens 47 surrounding tumors could serve as differentiation and retention signals for the formation of a persistent T RM population. Thirdly, despite lack of functional evidence, immunological profiling showed that the majority of mucosal resident T cells are CD103 hi CD45RO
C CD69-hi CD62L
-, which fully matches the characteristic surface marker expression of the resident memory T cell population. Collectively, we propose that the gastric mucosa is a specific niche to harbor T RM cells, which in turn enforce local surveillance against tumor recurrence. Besides directly executing cytolysis, recognition of specific antigens also activates local T RM s to function as producers of "danger signals," which initiate chemokine storms to recruit other circulating effector or T M s . 48 Hence, the diversity of mucosal repertoire, comprised by, or even determined by, these identified T RM cells, represents the spectrum of immunosurveillance in restraining a wide range of escaped primary tumor cells and mutant clones resulting from TIL immunoediting. 8 Although the detailed mechanism remains elusive, the clinical relevance of the properties of the mucosal repertoire to predisposed outcomes support the notion that mucosa-resident T-cells might serve as a sentinel population for maintaining immunosurveillance of residual tumor cells in postoperative patients.
Materials and Methods

Study design
Gastric tumor tissue, normal mucosa (at least 5 cm distant from the edge of tumor), and peripheral blood samples were collected from 28 patients who were recruited into a clinical trial at the Third Military Medicine University (TMMU IRB identifier: KY200905) during debulking surgery in collaboration with the Southwest Hospital (Chongqing, China). Individuals with autoimmune diseases, infectious diseases, and other primary cancers were excluded, and none of the included patients had received chemotherapy or radiotherapy before sampling. Peripheral blood from 28 age-matched healthy donors was used for control experiments. Clinical staging of tumors was determined according to the TNM classification system of the International Union Against Cancer (7th edition). All samples were processed and frozen within 45 min of excision (cold ischemia), placed into a cryogenic vial labeled with a unique patient identifier, immersed in liquid nitrogen, and stored at ¡80 C until analysis. The study protocol was approved by institutional review board of TMMU in accordance with the Helsinki Declaration, and written informed consent was obtained from each subject. Clinical characteristics of 28 patients were described in Table S1 .
High-throughput sequencing of TCRB Analysis of the TCRB CDR3 regions of gastric cancer patients was performed on cryopreserved samples. Briefly, total RNA was extracted from 600 mL peripheral blood, 200 mg frozen tumor, or 200 mg healthy mucosal tissue samples using the RNeasy Mini Kit (QIAGEN) and converted to cDNA (RevertAid First Strand cDNA Synthesis Kit; Fermentas) with a constant regionspecific primer (RT primer: 5 0 -ATCTCTGCTTCT-GATGGCTCA-3 0 ). A multiplex PCR system was introduced to amplify the CDR3 region of rearranged TCRB loci. A set of forward primers, each specific to one or a set of functional TCR V b segments, and a reverse primer specific to the constant region of TCRB, were used to generate amplicons that cover the entire CDR3 region. PCR products were loaded on 3% agarose gels (Sigma-Aldrich), and bands centered at »220-240 bp were excised and purified using the QIAquick Gel Extraction kit (QIAGEN). Purified products were sequenced using the Ion Torrent PGM platform (Life Technologies).
Processing of raw reads
Ion Torrent Suite software filters were used for data pre-processing to exclude low quality reads and erroneous sequences derived from unrecognized multiplex barcodes. Raw sequence data were converted to FASTQ format using an Ion Torrent PGM built-in plugin. The resulting FASTQ files were imported to the MATLAB software. The TCRB CDR3 region was identified according to the International ImMunoGeneTics (IMGT) collaboration, beginning with the second conserved cysteine encoded by the 3 0 portion of the V b gene segment and ending with the conserved phenylalanine encoded by the 5 0 portion of the J b gene segment. The number of NT s between these codons determines the length of the CDR3 region. A manual algorithm was used to identify which V and J segments contributed to each TCRB CDR3 sequence. Sequences with lengths shorter than 110 bp, an average Phred quality score < 25, minimum Phred score < 20, or those with no exact match to the TRBC constant region primer were discarded. In addition, sequences with outof-frame rearrangements, ambiguous V-and J-b segment alignment, V-b segment pseudogenes, or a CDR3 AA junction lacking a 5 0 cysteine or 3 0 phenylalanine were discarded. Resulting sequences were further analyzed using MATLAB 2013b (MathWorks) via manual scripts, and graphed using Excel (Office 2013, Microsoft) and Prism 5 software (GraphPad).
Statistical analysis
Repertoire diversity based on RNA-template was evaluated as previously described. 49 NSDE was calculated as:
where n is the number of unique sampling clones and p(i) is the abundance of sampling clones in its repertoire. 50 Formula was e1001230-12 Volume 4 Issue 4 OncoImmunology factored by log10(n) to eliminate the influence of sampling size. Diversity index is a statistics variable derived from ecologic studies to estimate the biodiversity of a given environment based on limited sampling size (counting the absolute number of organism inside is somehow impossible). Similarly, since the measuring for every T-cell clones in the whole healthy mucosa/tumor mass is impracticable, we introduced this formulation to evaluate the diversity of interest repertoire. More uneven clonal frequencies results in a smaller corresponding NSDE. If all clonotypes in the repertoire of interest have equal distribution, the index takes the unity value. To quantify the similarity between each TCR repertoire, we adopted the Bhattacharyya similarity index based on the percentage as well as homogeneity of abundance of shared sequences within two populations 51 as follows:
where n is the number overlap clones and f(i,1/2) is the abundance of overlapped clones in two repertoires. A value ranging from zero (no overlap) to one (identical repertoire) was calculated for each pair of clonotypes in the repertoire. Differences between two groups were determined by the Mann-Whitney U test. Correlations between parameters were assessed using Pearson correlation analysis. Kolmogorov-Smirnov tests were used to assess overall difference in V and J segment usage frequencies between distinct repertoire datasets. Overall survival was defined as the interval between surgery and death or between surgery and the last observation for surviving patients. Any known tumor-unrelated deaths were excluded from the death record for this study. Cumulative survival time was calculated using the Kaplan-Meier method, and survival was measured in months; the log rank test was applied to compare survival between two groups. MATLAB software was used for all statistical analysis. All data were analyzed using two-tailed tests, and p < 0.05 was considered statistically significant unless otherwise specified.
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